We are interested in the early mechanisms that initiate regional patterning in the dorsal telencephalon, which gives rise to cerebral cortex. Members of the LIM-homeodomain (LIM-HD) family of transcription factors are implicated in patterning and cell fate speci®cation in several systems including the mammalian forebrain. Mice in which Lhx2 is disrupted were reported to have reduced telencephalic development, and the hippocampal primordium appeared to be missing, by morphological observation. We hypothesized that this may be due to a defect in the cortical hem, a Wnt-and Bmp-rich putative signaling center in the medial telencephalon, a source of regulatory signals for hippocampal development. We asked if the expression of any known hem-speci®c signaling molecule is de®cient in Lhx22/2 mice. Our results reveal, unexpectedly, that at embryonic day (E)12.5, what appears to be some spared`lateral' cortex is instead an expanded cortical hem. Normally restricted to the extreme medial edge of the telencephalon, the hem covers almost the entire dorsal telencephalon in the Lhx22/2 mice. This indicates a role for Lhx2 in the regulation of the extent of the cortical hem. In spite of an expanded, mislocated hem in the Lhx22/2 telencephalon, a potential source of ectopic dorsalizing cues, no hippocampal differentiation is detected in tissue adjacent to the mutant hem, nor does the overall dorsoventral patterning appear perturbed. We propose that Lhx2 is involved at a crucial early step in patterning the telencephalon, where the neuroepithelium is ®rst divided into presumptive cortical tissue, and the cortical hem. The defect in the Lhx22/2 telencephalon appears to be at this step. q
Introduction
The patterning of the cerebral cortex into complex regions with distinct features appears to occur early in its development. The mechanisms that regulate this process are not well understood. There is evidence that the cues that initiate patterning are intrinsic to the telencephalic neuroepithelium from the earliest stages of neurogenesis (Arimatsu and Ishida, 1998; Nothias et al., 1998; Donoghue and Rakic, 1999; Eagleson and Levitt, 1999; Gitton et al., 1999; Miyashita-Lin et al., 1999; Nakagawa et al., 1999; Tole and Grove, unpublished) . In the medial telencephalon, one proposed source of patterning cues is the cortical hem, a band of Wnt-and Bmp-rich tissue at the extreme medial edge of the telencephalic neuroepithelium, intervening between presumptive cortical tissue and the non-neuronal choroid plexus (Furuta et al., 1997; Grove et al., 1998) .
Several observations indicate a role for the cortical hem in the regulation of growth and patterning in the telencephalon. When a single cortical hem Wnt gene, Wnt3A, or a downstream mediator of Wnt signaling, Lef-1, is perturbed by gene targeting, the development of the medial cortex is signi®cantly affected, with one or more hippocampal ®elds being greatly reduced or absent (Galceran et al., 2000; Lee et al., 2000b) . Furthermore, Bmp family members expressed in the hem have been implicated in the regulation of cortical gene expression and in the development of the cortical neuroepithelium (Furuta et al., 1997) . Finally, analysis of the extra-toes (XT J ) mutant, in which the Gli3 gene is disrupted (Hui and Joyner, 1993) , suggests a possible role for the hem as a dorsal signaling center. The hem is absent in this mutant, and this correlates with a disruption of dorsoventral patterning in the telencephalon, even though the ventral expression of shh, a ventralizing signal in the telencephalon (Kohtz et al., 1998) , appears to be normal . The missing cortical hem in the XT J mutant made us interested in the mechanisms by which the formation of the hem is regulated.
The cortical hem in the telencephalon appears to be the counterpart of the roof plate of the spinal cord, where dorso-ventral patterning is regulated by opposing signaling centers, the notochord and¯oor plate at the ventral midline, and the roof plate at the dorsal midline. Both, the spinal cord roof plate, and the cortical hem are located at the dorsomedial extreme of the neuroepithelium, and they both express Wnt and Bmp signaling molecules. Bmp family members in the roof plate are required for the induction of particular dorsal neurons in the spinal cord (Liem et al., 1997; Nguyen et al., 2000) ; when the roof plate is ablated, certain dorsal cell types fail to form (Lee et al., 2000a) . The formation of the roof plate requires the function of Lmx1a, a transcription factor of the LIM-homeodomain family (LIM-HD; Taira et al., 1995; Millonig et al., 2000) . Might LIM-HD genes also be involved in the formation of the cortical hem?
Members of this family are emerging as regulators at multiple levels in the developmental plan of several organisms, displaying roles in tissue patterning, cell fate speci®-cation, and growth. Several LIM-HD genes are implicated in aspects of head and forebrain development in vertebrates, e.g. Lim1 (Lhx1) regulated signals are required in extra embryonic tissues for head formation and the establishment of anterior tissues in mice (Shawlot et al., 1999) ; Lhx2 is necessary for the normal development of the dorsal telencephalon (Porter et al., 1997) ; Lhx5 regulates precursor cell proliferation as well as neuronal differentiation and migration during hippocampal development (Sheng et al., 1997; Zhao et al., 1999) ; Lhx6 and Lhx7 are expressed in the developing embryonic head in patterns which suggest that these genes are involved in the differentiation of characteristic orofacial structures as well as in the development of the forebrain (Grigoriou et al., 1998) ; the expression pattern of Lhx9 suggests it plays a role in forebrain development, both in the speci®cation of brain subdivisions and in cellular determination (Retaux et al., 1999) . We were therefore interested in examining a possible connection between LIM-HD genes and the cortical hem, in neuroepithelial patterning.
Targeted disruption of the LIM-homeodomain gene Lhx2 suggested a perturbation in a patterning event in the development of the dorsal telencephalon. At embryonic day (E) 12.5, the telencephalon appeared shrunken, and in particular, the entire medial telencephalic neuroepithelium seemed to be missing or extremely underdeveloped. We sought to assess if this loss might be correlated with a defective or de®cient cortical hem, thereby implicating the hem in a pathway that linked the action of Lhx2 with the development of the medial cortex.
A hem de®cient in one or more signaling molecules might Fig. 1 . Wnt gene expression identi®es an expanded, mislocated hem in the Lhx22/2 brain. Sections of E12.5 embryonic brains, processed for in situ hybridization for Wnt2b (a,b,g,h), Wnt3a (c,d) and Wnt5a (e,f), display expression at the medial edge of the dorsal telencephalon, marking the cortical hem of control embryos (a,c,e,g,h) . In sections of Lhx22/2 brains, the telencephalon appears generally reduced in size, while the diencephalon appears comparable to that in control brains (b,d,f) . The dorsal telencephalon is dramatically shrunken in the Lhx2 mutant, while the ventral telencephalon appears less affected. In Lhx22/2 sections, the expression of Wnts 2b, 3a, and 5a is detected in a bigger territory than in control sections, located on the lateral, not the medial portion of the telencephalon (b,d,f) .1/1 control brains (g,h) display a cortical hem that appears similar in location and extent to that in Lhx21/2 control sections (a,c,e). In both control as well as mutant embryos, the choroid plexus is attached to the medial end of the cortical hem. cp, choroid plexus; ctx, cortex; d, diencephalon; vt, ventral telencephalon.
have led to, or been consistent with, diminished medial cortical development. Here, we present the unexpected ®nd-ing that the Lhx22/2 hem appears not to be de®cient with respect to a range of signaling molecules we examined. Rather, the cortical hem appears to be expanded, at the expense of presumptive cortical neuroepithelium. We propose that Lhx2 is involved in a critical initial step in patterning the dorsal telencephalon, that of dividing it into presumptive cortical neuroepithelium, and a signaling center, the cortical hem. Loss of Lhx2 perturbs this division, expanding the hem at the expense of cortical neuroepithelium.
Results
2.1. The Lhx22/2 embryo has an expanded cortical hem and little cortical neuroepithelium
Within the telencephalon, several Wnt genes are selectively expressed in the cortical hem (Grove et al., 1998) . As a ®rst step in determining if the disruption of Lhx2 caused a defect in the cortical hem, we performed in situ hybridization for Wnt 2b, 3a and 5a expression, which de®nes the extent of the hem. Sections of E12.5 control embryos display Wnt2b, 3a and 5a expression in the normal cortical hem at the medial boundary of the cortical neuropeithelium (Fig. 1a,c,e ). In the Lhx22/2 embryos, the expression is consistently detected in a broader stretch of dorsal telencephalic tissue, located on the lateral, rather than the medial side of the telencephalon (Fig. 1b,d,f) . We examined the expression of Wnt 2b in an Lhx21/1 embryo and compared it with that in Lhx21/2 embryos, to test for a possible dosage effect. Sections through the entire telencephalon of a 1/1 embryo, of which two levels are shown (Fig. 1g,h ), reveal a Wnt 2b expression pattern very similar to that of Wnt2b, 3a and 5a in 1/2 embryos (Fig. 1a,c,e) .
The medial portion of the mutant dorsal telencephalon contains a thin strip of tissue, the choroid plexus. The identity of this structure is con®rmed by the expression of TGFb family members Bmp4 and 7, which are expressed in the cortical hem, but more strongly in the choroid plexus, and by that of homeobox gene Msx1, which is strongly expressed in the choroid plexus in normal embryos (Fig. 2a,c,e; Furuta et al., 1997; Grove et al., 1998) . In Lhx22/ 2 embryos, these genes display a pattern consistent with their expression in the control embryos (Fig. 2b,d,f) . The choroid plexus spans the gap between the edge of the mutant dorsolateral hem and the basal telencephalon. Of the 14 homozygous mutants we examined, one E12.5 mutant brain appeared to have more folds of the ribbon-like choroid plexus than the control brains (Fig. 1f) . The choroid plexus in the mutant sections often appeared stretched between its two points of attachment at E12.5 (Fig. 1b,d and 2b,d,f), while the control displayed a folded, apparently unstretched version of this tissue (Figs. 1a, c, e, g, h and 2a, c, e) . At E15.5, the choroid plexus appears compacted within the small ventricle (Fig. 3g±k) . These issues made it dif®cult to compare the extent of the control and mutant choroid plexus. Our data suggest, however, that the Lhx22/2 brain does not appear to lack speci®cation of the choroid plexus, as assessed by the expression of marker genes.
2.2. Does the misplaced hem in the Lhx22/2 brain regulate patterning in its new location?
The absence of Wnt 3a function causes a gross shrinkage of the hippocampus, due to an underproliferation of the precursor pool. Interestingly, a few residual hippocampal cells are detectable, and acquire ®eld-speci®c fates, possibly through the action of other cortical hem signaling molecules (Lee et al., 2000b) . The expression of glutamate receptor subunit gene KA1, a marker for ®eld CA3 (Wisden and Seeburg, 1993; Tole et al., 1997) , is detectable in a tiny group of cells immediately adjacent to the cortical hem in the Wnt3a2/2 brain (Lee et al., 2000b) . In the Lhx22/2 brain, the entire cortex is greatly reduced. Might there exist a few remnant hippocampus cells, which nevertheless achieve an appropriate regional identity, in response to potential cues from the hem?
We examined the expression of EphB1, a member of the ephrin receptor family, at E12.5, at which age its expression in the dorsal telencephalon is restricted to the hippocampal primordium. EphB1 is not detectable in the presumptive neocortical tissue located lateral to the hippocampal primordium, or in the cortical hem and choroid plexus located medial to it ( Fig. 3a ; Tole et al., 2000b) . The dorsal telencephalon of the Lhx22/2 brain displays no detectable expression of EphB1 (Fig. 3b) . At a later age, E15.5, when hippocampal ®eld differentiation is evident in control embryos (Tole et al., 1997) , in situ hybridization for hippocampal ®eld markers revealed no sign of hippocampal differentiation in the Lhx2 mutant. SCIP, which encodes a POU-domain transcription factor (He et al., 1989) , is expressed strongly in the lateral neocortex, and extends into the hippocampal ®eld CA1 starting from E15.5 (Tole et al., 1997) . Lhx22/2 embryo sections display no detectable SCIP labeling in the dorsal telencephalon at E15.5, though in littermate controls, lateral cortical expression is well underway and weak expression is detectable in the hippocampus. An intense site of expression in the ventral telencephalon appears to be maintained in the mutant, however (Fig. 3c,d ). KA1, a glutamate receptor subunit, is normally expressed in the hippocampal primordium from E14.5, in a small but distinct population of ®eld CA3 cells, and more weakly in the dentate gyrus, adjacent to the cortical hem (Fig. 3e, arrowhead; Tole et al., 1997 Tole et al., , 2000a . Examination of E15.5 sections, however, reveals no KA1 expression in the vicinity of the Lhx22/2 cortical hem (Fig. 3f ). These mutants die between E13.5±15.5, possibly due to the severely defective erythropoiesis they exhibit (Porter et al., 1997) , preventing a more extensive examination of hippocampal ®eld speci®cation at and after E15.5.
Since EphB1, an early marker of the hippocampal primordium, and KA1, the earliest hippocampal ®eld-speci®c marker, are both undetectable in the mutant dorsal telencephalon (this study), it appears that hippocampal differentia- Fig. 3 . Hippocampal speci®cation is not detected in the Lhx22/2 telencephalon. An early marker of the medial telencephalic neuroepithelium, EphB1, which is expressed at E12.5 in the hippocampal primordium, but not the cortical hem or choroid plexus of control brains (a), is not detectable in the Lhx22/2 dorsal telencephalon (b). Expression in regions of thetion does not occur in the absence of Lhx2, even though the mutant cortical hem expresses several Wntand Bmp genes.
At E15.5, the difference in size between the normal and mutant cortical hem is more pronounced than at E12.5. In control embryos, the hem, marked by Wnt gene expression, appears to shrink after E12.5, such that by E15.5 it appears restricted to the site of the newly forming ®mbria, juxtaposed to the site of KA1 expression (Fig. 3e,g,i) . In Lhx22/2 embryos, however, the hem continues to dominate the dorsal telencephalon for much of its rostro-caudal extent (three levels are shown, Fig. 3h ,j,k). The expression of Wnt 2b in the mutant dorsal telencephalon is maintained in a layer closest to the ventricle, consistent with the previously described expression of Wnt2b in the proliferative, but not the postmitotic cells of the neuroepithelium (Grove et al., 1998) .
In the XT J mutant, where the cortical hem is missing and no hem-speci®c Wnt or Bmp gene expression is detectable, there is a gross dorsoventral patterning defect: not only is the hippocampus undetectable, but dorsal tissue in the telencephalon is disrupted by the presence of cells expressing ventral telencephalic markers . Does an expanded, mislocated cortical hem have an opposite effect on ventral telencephalic patterning? It was important to ask if the Lhx22/2 hem, misplaced such that it is close to the ventral telencephalon, perturbs or suppresses the patterning in this tissue.
First, we examined a rostral structure in the ventral telencephalon, the septum, which is located at the ventral midline. Steel, which encodes a ligand for receptor tyrosine kinase c-kit, is expressed strongly in the embryonic septum at E12.5 and weakly in the ganglionic eminences. This pattern is comparable in the control as well as Lhx22/2 embryos (Fig. 4a,b) . In the ventral telencephalon, regional speci®cation is regulated by sonic hedgehog (shh; Ericson et al., 1995; Shimamura and Rubenstein, 1997; Kohtz et al., 1998) , which is expressed in a characteristic pattern in the cells of the ventral telencephalic midline and in the medial ganglionic eminence (MGE) but not in the lateral ganglionic eminence (LGE; Fig. 4c ; Kohtz et al., 1998) . Though the Lhx2 mutant brain as a whole has a somewhat distorted morphology due to its shrunken dorsal telencephalon, it displays an expression pattern of shh comparable to that of the control (Fig. 4c,d) .
We examined other established markers of dorsal and ventral telencephalic regions. Transcription factors Dlx2 and Isl1 are expressed robustly in the ventral telencephalon, and distinguish this structure from the dorsal telencephalon ( Fig. 4e,g ; Sussel et al., 1999; Tole et al., 2000a) . At several rostro-caudal levels examined, the expression of Dlx2 and Isl1 in Lhx22/2 brains is remarkably similar to that in the controls, including ®ne details of the expression patterns, such as the thin line of Dlx2-positive cells connecting the LGE and MGE, and the striped pattern of Isl1 expression in the MGE (Fig. 4e±h) . Finally, a dorsal marker gene, neurogenin family member Ngn2, also shows a consistent expression pattern in control and mutant brains, being restricted to the dorsal telencephalon, con®rming the`dorsal' nature of the cortical hem in the mutant (Fig. 4c,d) . Furthermore, the absence of Ngn2 expression in the mutant ventral telencephalon supports the idea that this structure is not dorsalized, with respect to the genes we have examined.
In summary, these data reveal that the mislocated hem tissue fails to perturb the regional expression patterns of several dorsoventrally restricted markers in the Lhx2 mutant, including the ventral signaling molecule shh. Fig. 4 . Ventral telencephalic patterning appears unaffected in the presence of a mislocated Lhx22/2 hem. Sections of E12.5 embryonic brains from control (a,c,e,g) and Lhx22/2 (b,d,f,h) embryos were processed for single or two-color in situ hybridization for several markers of dorsoventral patterning in the telencephalon. In both control and mutant embryos, Steel is strongly expressed in the septum, and weakly in the LGE and MGE (a,b); shh is detected in the ventral telencephalic midline and in the MGE (purple color, c,d); Ngn2 expression is restricted to the dorsal telencephalon (brown color, c,d); Dlx2 (e,f) and Isl1 (g,h) are both expressed in characteristic patterns in the LGE and MGE, but not detected in the dorsal telencephalon. s, septum; MGE, LGE, medial and lateral ganglionic eminences.
Lmo and Clim genes subdivide the domain of Lhx2 expression
Lhx2 is normally expressed in the entire dorsal telencephalon at E12.5, the only exceptions being the cortical hem and the choroid plexus (Fig. 5a ). Lhx2 could be required to restrict these structures to their normal location at the extreme medial edge of the dorsal telencephalon. In this case, Lhx2 could have an early role in the speci®cation of the Lhx2-positive cortical tissue to a non-hem, non-choroid plexus fate.
Could Lhx2 have an additional role in the later development of the cortex? Since the action of LIM-HD genes is thought to be regulated by`Lim-only' (Lmo) gene products, which compete for the availability of co-factors encoded by Clim genes (Foroni et al., 1992; Bach et al., 1997; Hinks et al., 1997; Fernandez-Funez et al., 1998; Milan et al., 1998) , we examined the expression of these molecules in the E12.5 and E15.5 telencephalon.
At E12.5, co-factor Clim1 is expressed strongly in the cortical hem, in which location it is presumably unavailable to Lhx2; there is, however, weak expression in the ventricular zone of the extreme lateral neuroepithelium, where Lhx2 is also expressed (Fig. 5c) . Clim2, in contrast, is ubiquitously expressed in the telencephalon, overlapping the entire Lhx2 domain of expression (Fig. 5d) . Lmo2 is expressed in the cortical hem as well as the medial telencephalon, petering off in the dorsolateral telencephalon, overlapping with Lhx2 in the latter two regions (Fig. 5a,e) . Lmo3 displays an approximately complementary pattern to Lmo2, being expressed in the entire lateral, and some of the medial telencephalic neuroepithelium (Fig. 5g) . Lmo3 expression Fig. 5 . Expression of LIM-containing and LIM-associated genes in the telencephalon at E12.5 and E15.5. In situ hybridization for Lhx2 and Wnt2b in adjacent sections of E12.5 embryonic brains, reveals complementary expression patterns in the dorsal telencephalon, such that Lhx2 marks the entire cortical neuroepithelium but excludes the cortical hem (a), while Wnt2b is restricted to the cortical hem (b). Clim1 expression is detected in the cortical hem and weakly in portions of the lateral and ventral telencephalon (c), while Clim2 is ubiquitously expressed (d). Lmo2 marks a broad stretch of the medial telencephalon including the cortical hem and the hippocampal primordium, continuing its pattern of expression into the dorsolateral telencephalic neuroepithelium (e). In Lhx22/2 sections, Lmo2 is detected in the expanded cortical hem in the dorsal telencephalon (f). Lmo3 expression is detected in the ventral telencephalon, and also in the lateral cortical neuroepithelium, and weakly in the medial telencephalon (g). In Lhx22/2 sections, the dorsal telencephalon is devoid of Lmo3 expression, whereas the ventral telencephalon continues to display intense expression (h). At E15.5, Lhx2 expression in the dorsal telencephalon is detected in the ventricular and intermediate zone in the neocortex and hippocampus, but not in the cortical plate. The cortical hem continues to be devoid of Lhx2 expression (i). Lmo3 and Clim1 are both expressed in neocortex and ®eld CA1 of the hippocampus, but not detectable in ®eld CA3; expression is strong in the cortical plate and not detectable in the intermediate zone for both genes. In addition, Lmo3 displays a weak ventricular zone expression which Clim1 does not exhibit. Unlike Lmo3, Clim1 is also present in the cortical hem (j,k). Clim2 continues to display a ubiquitous expression pattern at E15.5 (l).
overlaps with that of Lhx2 in the lateral telencephalon; in the medial telencephalon, Lmo3 does not continue up to the boundary with the cortical hem as Lhx2 does (Fig. 5a,g ). Thus, Lmo genes, whose products could compete with and therefore diminish Lhx2 function, subdivide the domain of Lhx2 expression in the dorsal telencephalon at E12.5.
At E15.5, Lhx2 continues to be expressed in the entire cortex, including the hippocampus and dentate gyrus, but is absent from the hem (compare Fig. 5i with Fig. 3g,i) . This expression appears to restrict itself to the ventricular and intermediate zones, and is not detectable in the cortical plate at this age ( Fig. 5i ; Retaux et al., 1999) . Lmo3 maintains expression in the lateral cortex and continues into the medial cortex up to and including CA1 in the Ammon's horn of the hippocampus; this expression appears complementary to that of Lhx2 in that it is strong in the cortical plate, not detectable in the intermediate zone, and very weak in the ventricular zone (Fig. 5j) . Clim1 is similar to that of Lmo3 both in its apparent cortical plate restriction, as well as its pattern, being present in the lateral and some of the medial cortex by E15.5, including ®eld CA1. Unlike Lmo3, however, Clim1 is also present in the hem, consistent with its expression in this tissue at E12.5 (Fig. 5c,k) . Clim2 continues its broad expression in the entire lateral and medial cortex (Fig. 5l) .
Therefore, within the dorsal telencephalon, the Lhx2 protein may be differentially active in different regions and at different developmental stages, since genes encoding various modulators of this protein are expressed in distinct, partially overlapping, and dynamic patterns within the domain of Lhx2 expression.
In Drosophila, dLmo is a target of Lhx2 homolog apterous, and is upregulated in apterous-expressing cells (Milan et al., 1998) . Therefore we examined the expression of Lmo2 and Lmo3 in Lhx22/2 sections, and found that both these genes display expression patterns consistent with the altered extent of the mutant hem. Lmo2 is present in the mutant hem coextensive with Wnt gene expression ( Fig. 5e,f ; Wnt2b, not shown), while Lmo3 is not detectable in the dorsal telencephalon of the Lhx2 mutant, but is expressed in the MGE and LGE in a pattern comparable to that in the control (Fig. 5g,h) . Therefore, Lhx2 is apparently not required for normal expression of Lmo3 in the basal telencephalon; also, it appears unlikely that Lhx2 action in the cortical neuropeithelium is required for the presence or absence of Lmo2 and Lmo3, respectively, in the adjacent hem. Additionally, these data further support the idea that the mutant dorsal telencephalic tissue is mislocated hem tissue, which expresses or excludes the correct complement of genes beyond Wnt and Bmp family members.
Discussion
The Lhx22/2 forebrain was previously thought to display a speci®c deletion of the hippocampal primordium, and a reduction of the presumptive neocortex, in addition to other striking defects in eye development and erythropoiesis (Porter et al., 1997) . We report a more detailed study of the forebrain of this mutant, using markers speci®c for different telencephalic regions. We ®nd that both, the hippocampus as well as the neocortex, appear to be missing or drastically shrunken; what was previously identi®ed as a reduced neocortex is in fact a mislocated medial telencephalic structure, the cortical hem.
The absence of the hippocampus in Lhx22/2 brains
The Lhx22/2 cortical hem, in spite of displaying expression of several Wnt and Bmp genes, is insuf®cient to drive hippocampal patterning in the absence of Lhx2. A few possible scenarios could explain this result. First, Lhx2 could be essential for the survival or the proliferation of an early group of cortical progenitors, in the absence of which there are few, if any, cells available to pattern into hippocampal ®elds. Porter et al. (1997) have examined these alternatives closely, and report no increase in cell death, but a sharp reduction in the number of dividing cells in the dorsal telencephalon, as measured by a BrdU incorporation study, suggesting a role for Lhx2 in the proliferation of these cells. Another LIM-HD member, Lhx5, appears to regulate neuroepithelial proliferation in the embryonic hippocampus in a different manner: in the absence of Lhx5, hippocampal precursor cells continue to proliferate and fail to exit the cell cycle, causing a reduction of the available postmitotic population in the Ammon's horn (Zhao et al., 1999) .
Other possibilities are suggested by the actions of LIM-HD genes in other systems. Lhx2 could be a downstream target of cortical hem signaling molecules, so that in the absence of Lhx2, the cortical hem cannot perform aspects of its role. Precedence for such a scenario comes from the vertebrate limb bud, where Wnt7a is crucial to specify dorsal cell fate. In the vertebrate limb bud, Wnt7a from overlying ectoderm acts via LIM-HD genes C-Lmx1 (chick) or Lmx1b (mouse), expressed in the dorsal mesoderm, to dorsalize this tissue (Riddle et al., 1995; Vogel et al., 1995; Cygan et al., 1997; Rodriguez-Esteban et al., 1998; Chen et al., 1998) . Likewise, cortical hem Wnt genes may act via Lhx2 in the adjacent cortical neuroepithelium to regulate developmental events in the hippocampal primordium. A related possibility is that Lhx2 could be necessary in order for the tissue to be responsive to cortical hem signals. Consistent with both these alternatives are the similarities in the Wnt3a2/2 and Lhx22/2 brains: in the former, the hippocampal primordium is greatly shrunken, (Lee et al., 2000b) , and in the latter, it appears to be missing altogether. The greater de®cit in the Lhx22/2 embryos, where the entire cortex appears to be missing along with the hippocampus, could be explained by Wnt3a being only one of several necessary patterning cues emanating from the hem, but Lhx2 being a common factor in the response or the responsiveness to more than one of these cues. None of the above scenarios, however, explain why the cortical hem appears to be expanded in the Lhx22/2 brains, at E12.5 and E15.5. One model which can account for this ®nding is if Lhx2 played a role at a step prior to that of regulating proliferation in the pool of dorsal telencephalic precursors, and the subsequent regional speci®cation of the cortex. We propose that Lhx2 participates in a mechanism by which precursors of the cortex are distinguished from those of the hem. In this model, the hem, a signaling center in the dorsal telencephalon, would be created ®rst, by the allocation of a group of cells speci®ed to a`hem-precursor' fate; this would be followed by the proliferation of hem-and cortex-precursors, and the subsequent patterning of the latter, potentially involving cues from the hem. Lhx2 expression, normally present in cortical neuroepithelium but excluded from the hem, would serve to restrict the hem to its normal size and location: Lhx2 would participate in specifying`non-hem' fate in cortical precursors. In the absence of Lhx2, more neuroepithelial precursors would take on a cortical hem fate.
Support for such a role comes from the action of the Drosophila homolog of mouse Lhx2, apterous, in the dorsoventral patterning of the¯y wing disc. Apterous is a dorsal selector gene required for dorsoventral lineage restriction; clones of ap2/ap2 cells amidst ap1/ap1dorsal cells cross the dorsoventral boundary and display ventral characteristics (Diaz-Benjumea and Cohen, 1993; Blair et al., 1994) . In an interesting conservation of function between apterous homologs, human Lhx2 is able to rescue the wing phenotype of apterous mutants (Rincon-Limas et al., 1999) . As a parallel to the role of apterous in the dorsoventral patterning of the¯y wing, it is possible that lack of Lhx2 perturbs a mechanism that makes precursors of cortex and cortical hem distinct, and more precursors take on a cortical hem phenotype than is normally the case. A greater number of hem precursors being created appears to be the most reasonable explanation for an expanded hem in the mutant: since there is no increased cell death in the Lhx22/2 dorsal telencephalon, and there is a decrease in cell proliferation (Porter et al., 1997) , it is unlikely that cortical precursors die, and hem precursors overproliferate to produce an expanded hem.
It must be noted, however, that the total size of the Lhx22/2 dorsal telencephalon is smaller than the control, suggesting that an expanded hem cannot entirely account for the loss of the cortex. A role for Lhx2 in regulating the formation of the hem, together with a previously suggested role in the proliferation of cortical precursors in which it is expressed (Porter et al., 1997) , would explain the data more completely. Future experiments will examine these possibilities individually.
Patterning of the ventral telencephalon
In the Lhx22/2 brain the ventral telencephalon not only continues to display expression of normal markers, but it also does not upregulate any dorsal marker ectopically. Whereas the dorsal telencephalon displays an altered zone of Wnt/Bmp gene expression in the absence of Lhx2, no ectopic expression of any of these genes appears in the ventral telencephalon or diencephalon, where Lhx2 is also expressed. Could redundancy with other LIM-HD genes explain why the dorsal telencephalon, but not the ventral telencephalon or diencephalon displays a phenotype in the Lhx22/2 brain? Consistent with this idea is that few LIM-HD genes overlap adequately with Lhx2 in this tissue. Lhx9, which is expressed in the dorsal telencephalon as early as E10.5, is only detected in the postmitotic cell layer and not in the proliferating cells of the ventricular zone at E12.5, in contrast to Lhx2 which is expressed in both types of cells at E12.5 (Retaux et al., 1999 ). Since our model proposes that the lack of Lhx2 affects dividing precursors, Lhx9 is not a candidate to substitute for Lhx2. Lhx5 expression in the dorsal telencephalon is extremely limited and begins later than Lhx2 (Sheng et al., 1997; Zhao et al., 1999) . Lhx1 (Lim1) is the only member of the LIM-HD family whose expression is reported in the dorsal telencephalon in a spatial and temporal pattern that may allow a redundancy of function (Fujii et al., 1994; Sheng et al., 1997) . Our data suggest, however, a speci®c patterning requirement for Lhx2, restricted, within the forebrain, to the dorsal telencephalon.
When a putative dorsal signaling center, the hem, is absent as a result of a disruption of Gli3 function in the Xt J mutant, ventral markers are expressed ectopically in the dorsomedial telencephalon . In the Lhx22/2 brain, the cortical hem in the mutant spans most of the dorsal telencephalon, therefore we hypothesized that the patterning of the ventral telencephalon may be affected as a result of a new balance between ventralizing and dorsalizing signals. This study reveals, however, that an expansion of the dorsal signaling center has little effect on the patterning of the ventral telencephalon, even though the hem in the Lhx22/2 brain is much closer to this structure than is normally the case. The lateral ganglionic eminence, only a small distance from the mutant hem, continues to display normal markers in an apparently unaltered manner. It is possible that Lhx2 is required in the ventral telencephalic tissue for it to display altered patterning in response to signals from the expanded hem in the Lhx2 mutant. Alternatively, any action of the expanded mutant hem may be countered by an overriding or preemptive ventralizing effect of shh, the expression pattern of which appears to be normal in the telencephalon, in the absence of Lhx2. Supporting the idea of an early ventralization of the telencephalon, prospective forebrain cells in chick become speci®ed to ventral telencephalic fates at the gastrula stage, in response to shh from the anterior primitive streak and Hensen's node (Gunhaga et al., 2000) . Ventral telencephalic regions may thus be speci®ed before the mislocated Lhx22/2 hem can affect the regional identity of this tissue. Further studies will explore the complex issue of the timing of the expansion of the mutant hem in the dorsal telencephalon.
The expression of Lhx2 in the telencephalon, and the dorsoventral patterning observed in the Lhx2 mutant, has a few similarities, and some striking differences with the expression and mutant phenotype of another transcription factor, the winged-helix gene BF-1 (Tao and Lai, 1992) . Like Lhx2, BF-1 is expressed in the dorsal and ventral telencephalon, but is excluded from the cortical hem (Tao and Lai, 1992; ST, unpublished observations) . In BF-12/2 embryos, the expression of Bmp4 at E11.5 is abnormal: instead of being restricted to the cortical hem, Bmp4 appears to be expressed in the entire dorsal telencephalon (Dou et al., 1999) . The expanded expression of Bmp4 in the BF-12/2 telencephalon appears to be due to a lack of repression of Bmp4 in cortical neuroepithelium cells in the absence of BF-1. This interpretation is suggested by the normal expression pattern of Bmp4,which at E9.5, colocalizes with BF-1 in the entire telencephalon; by E10.5, however, BF-1 is thought to repress Bmp4 expression, which becomes restricted to the hem (Dou et al., 1999) . Thus, both Lhx2 and BF-1 appear to regulate the expression of cortical hem signaling molecules.
The most striking difference between the Lhx22/2 and the BF-12/2 phenotype is in the patterning of the ventral telencephalon. Whereas the Lhx22/2 telencephalon displays expression of several ventrally restricted genes including the signaling molecule shh, ventral markers such as Dlx2 are apparently missing in the BF-12/2 telencephalon, and shh is undetectable in the ventral telencephalic locations where it is normally expressed (Dou et al., 1999) . Thus, while both Lhx22/2(this study) and BF-12/2 display greater domains of expression of one or more dorsal signaling molecules such as Bmp and Wnt genes compared with the controls, ventral patterning appears disrupted only in the BF-12/2 telencephalon, possibly due to the absence of shh (Dou et al., 1999) . The presence of shh in the Lhx22/2 telencephalon could serve to maintain ventral patterning in spite of potentially dorsalizing cues from the mislocated Lhx22/2 cortical hem. In this context, it is signi®cant, however, that an extreme dorsal phenotype such as the cortical hem, forms in a lateral position in the Lhx2 mutant, a location that is closer to the site of shh expression compared with the dorsomedial position of the control hem.
LIM-containing and LIM-associated genes
LIM-HD proteins contain two cysteine-rich zinc ®ngers (LIM domains), which mediate protein-protein, rather than protein-DNA interactions. DNA binding via the homeodomain is thought to be modulated by the LIM domains, which interact with co-factors (Sanchez-Garcia et al., 1993; Agulnick et al., 1996) . Such co-factors have been cloned in mouse (Clim1 and 2; Bach et al., 1997) and Drosophila (Chip/Ldb1); the latter interacts with apterous, and is important for its function (Morcillo et al., 1997) . A different group of important LIM-containing molecules are encoded by the Lmo genes, which have two LIM domains, but no homeodomain (Boehm et al., 1991) . A model for the regulation of LIM-HD gene action has emerged from work addressing the role of apterous in the dorsoventral patterning of the¯y wing: dLMO, encoded by the Beadex locus in Drosophila, modulates the activity of apterous by competing for Chip. Overexpression of dLmo interferes with apterous function (Milan et al., 1998) . Normal function of apterous also depends on an appropriate stoichiometry between apterous and Chip, such that excess-of-Chip phenotypes can be rescued by overexpression of apterous (Fernandez-Funez et al., 1998) .
As expected from this model, weak alleles of apterous show defective wing development. Both apterous and Chip display haploinsuf®ciency phenotypes, being required in a 1/1 con®guration for normal wing patterning (Stevens and Bryant, 1985; Fernandez-Funez et al., 1998) . It is intriguing in this context that the heterozygote Lhx21/2 displays a phenotype indistinguishable from the wild-type with respect to the cortical hem and dorsoventral telencephalic patterning. Control sections from 1/1 tissue display expression patterns of Wnt genes that are essentially identical to their expression in 1/2 sections, where they mark the normal cortical hem. Based on a model where Lhx2 would have to compete with Lmo proteins for the availability of Clim cofactors, we might have expected, perhaps, an intermediate phenotype in the Lhx21/2 brain: either a partial shift in the boundary between the hem and the cortex, or a patchy intermingling of hem cells interspersed with cortical cells, or the cells of the mutant telencephalic neuroepithelium displaying mixed features of cortex and hem. We could detect no such partial phenotype in the heterozygotes, however, with respect to the panel of genes we examined. It is possible, given these results, that our proposed early role for Lhx2 in distinguishing between cortex and cortical hem precursors is not sensitive to copy number of the gene. Rather than a graded phenotype for different levels of expression, it may be that in this instance Lhx2 executes an all-or-none function, and one copy of the gene is adequate for this purpose.
Is the Lhx22/2 hem, apparently expanded at the expense of cortex, indistinguishable from normal hem tissue, or might it be a hybrid tissue, displaying mixed features of cortex and hem? Several genes expressed in lateral or medial cortex at different ages are undetectable in the mutant hem at corresponding ages. For example, Lmo3 (E12.5) and SCIP (E15.5) are expressed in lateral, and part of the medial cortex, but not in the hem of normal embryos. These genes do not show expression in the expanded hem of Lhx22/2 embryos. Similarly, EphB1 (E12.5) and KA1 (E15.5), which are normally expressed in restricted portions of medial cortex, but not in the hem, are also not detectable in the expanded hem of the mutant. Not only does the mutant hem fail to express these cortically expressed genes, but also, it correctly expresses several genes known to be present in the hem. These observations support the interpretation that the dorsal telencephalic tissue in the Lhx2 mutant is cortical hem tissue, with respect to the genes we have examined.
Since it was important to assess the mutant hem with respect to several hem markers, we selected E12.5 as one time point for analysis, because some cortical hem Wnt genes, such as Wnt2b and 5a, are ®rst detected in the hem only from E11.5. Future studies of embryos from this age and younger will examine the effect of the lack of Lhx2 at the initial stages of hem formation.
In summary, our results suggest a role for Lhx2 at a very early step in the events leading to the formation of a patterned cortical neuroepithelium, setting the stage for further studies to elucidate the timing and the mechanism of this role.
Lhx2 may also have functions at later stages in the development of cortex. The expression domain of Lhx2 at E12.5 normally includes the entire dorsal telencephalic neuroepithelium, except the cortical hem. The function of Lhx2 in this domain may be modulated, however, by Lmo and Clim genes, which are expressed in different subsets of the Lhx2 territory. This report supports a role for Lhx2 in the early division of the neuroepithelium into presumptive cortex, and a putative signaling center, the cortical hem. Later actions of Lhx2 need to be examined in conditional mutants, where the initial step is allowed to occur normally.
Experimental procedures
Timed pregnant Swiss Webster mice (National Institute of Nutrition, Hyderabad, India), and mice from the Lhx2 targeted gene disruption breeding (Porter et al., 1997) , were killed by cervical dislocation, the embryos isolated, and the brains dissected out and stored in 4% paraformaldehyde. The brains were equilibrated in a solution of 30% sucrose in phosphate-buffered saline, and 35-mm sections prepared on a freezing microtome. In situ hybridization was performed as in Tole and Patterson (1995) and Tole et al. (1997) . Digoxigenin-labeled probes were generated using T3, T7 or SP6 RNA polymerases from plasmids containing fragments of the appropriate genes, as described previously (Tole et al., 1997 Grove et al., 1998) .
For embryos from the Lhx2-targeted litters, genotyping was performed as in Porter et al. (1997) , by polymerase chain reaction and con®rmed with Southern blot analysis. Of the embryos collected, we sectioned a total of 29 brains, of which 14 were from homozygous mutants. Control embryos used in our analysis included both 1/1 and 1/2 specimens, as they were indistinguishable from each other and from the normal Swiss Webster mice embryos in the expression of all the genes we examined.
